They suggested that, when the poorly permeant urea was present in the external solution in a concentration by itself insufficient to prevent osmotic hemolysis, the urea combined with a membrane carrier that transported methylurea and thereby reduced the rate of methylurea and water entry into these cells.
The present studies on erythrocytes of the dogfish Squalus suckleyi were initiated to test the urea carrier hypothesis using tracer kinetic methods. 
METHODS
GeneraZ. Spiny dogfish Squalus suckZeyi weighing ,2-5 kg were caught by trawler in the waters of the San Juan archipelligo in Puget Sound and were kept in running seawater until blood was withdrawn from a caudal vessel into heparinized syringes. Blood samples from different fish were never combined. Cells suspended in plasma, dqgfish Ringer solution, or other solutions were incubated and agitated at constant temperature in a refrigerated constant-temperature shaking bath. The dogfish Ringer solution was modified from that of Rall and Sheldon (10) and contained NaCl, 280 mM; KCl, 4 mM; CaC12, 10 mM; NaHC03, 4.5 mM; NaHzP04, 1.0 mM; MgCl2, 5 mM; and urea, 25-l ,000 mM. Hematocrit (Hct) was determined in microhematocrit tubes centrifuged for 2 min in a microhematocrit centrifuge. Radioactivity was measured by transferring 0.2 ml of fluid containing labeled compounds and 0.8 ml of water into 10 ml of scintillation fluid containing toluene and Triton X-100 (8). Samples were counted in a Nuclear-Chicago liquid scintillation spectrometer to obtain a minimum of 2 X 104 total counts. Three groups of experiments were performed. Entry of carbon la-labeled urea, methylurea, and acetamide into cells suspended in plasma. Freshly collected heparinized blood was centrifuged, the plasma and white cells were removed and recentrifuged, and the plasma was returned to the erythrocytes to obtain a hematocrit of 20-25 after complete remixing.
This suspension was divided into two or three portions, each about 20-25 ml. The portions were then placed in uncovered 50-ml Erlenmeyer flasks and incubated at temperatures from 1.7 to 6 C. After temperature equilibration had occurred, 0.1 ml of 0.5 M NaCl containing 0. Approximately 0.2 ml of dogfish Ringer containing urea -l4C was then added to the cell suspension, and the extracellular volume of approximately 10 % in the centrifuged cells. Since the surface area of dogfish erythrocytes has not been estimated, we could not compute a conventional influx, m (units, moles cmm2 min-I) but have reported influx asmF = me F, where F is the surface area in cm2 and influx, mF, has the units mmoles min-l (2). Likewise, the computed permeability coefficient was obtained as PF , where PF = mF/Csu, (units, cm3 min-l) (2). In some experiments, the dogfish Ringer contained 100 IllM urea and either 100,300,500, or 700 ITEM methylurea. Rates of hemolysis. The methods used to quantitate rates of hemolysis have been previously described (7). Time for 75 76 hemolysis rather than 50 % hemolysis is reported in the present study. Osmotic fragility curves were obtained by adding 0.1 ml blood to 10 ml test solution at room temperature (circa 20 C) and allowing 5-30 min before centrifugation and determination of percent hemolysis. The activation energy of the rate of hemolysis was determined using the relationship K = K, eBEIRT where K= rate of reaction = l/time, in min for 75 % hemolysis E = activation energy, in kcal mole-l R = gas constant, 1.987 kcal 'C-l mole-l T= temperature of reaction, "K
RESULTS
Entry of carbon I4-labeled urea, methylurea, and acetamide into cells suspended in plasma. Data illustrating the time course of disappearance of ureaJ4C and methylureaJ4C from the plasma are shown in Fig. 1 . Table 1 presents the rate constants for all uptake experiments.
For a given temperature and a given fish, the ratio of one rate constant to another equals the ratio of the permeability coefficients. Rate constants from experiments on different fish are not directly comparable due to differences in hematocrit and perhaps other factors. The relative values of permeability coefficients for acetamide : methylurea : urea were approximately 4: 1: 0.4. When examined in cells from one fish, an increase in temperature resulted in an increase in permeability to urea. In other experiments, when Hz30 was added to cell suspensions, uptake of tracer had reached a steady state in less than 1 min. This indicates a substantially greater cell mixture was well mixed by manual rotation and replaced in the bath. Samples of 1.5 ml were removed at prespecified and precisely timed intervals of up to 100 min and centrifuged and analyzed for urea -l4C as described in the previous section. The concentration of urea in samples of the suspension (Csusp) and supernatant fluid (C,,,) was measured by the catalyzed indole phenol method after protein precipitation (9). The method described by Gardos et al. (2) membrane permeability to water than to these organic nonelectrolytes.
Measurement of influx and permeability coe@cient for urea. The influx of urea and the urea permeability coefficient were measured when the external medium urea concentrations varied from 14 to 1,069 mM. The influx of urea was proportional to the urea concentration in the external medium (Fig. 2) . When the medium urea concentration was approximately 100 mM, the influx of urea was not influenced by the presence of methylurea at concentrations of 100, 300, 500, or 700 mM (Fig. 2) . The urea permeability coefficient was 0.0175 AZ 0.0007 ( mean rt SD) and range was 0.014-0.020 cm3 min-? Variations in the urea permeability coefficient did not seem to be related to the urea concentration in the supernatant medium (Fig. 3) .
The activation energy for the rate of hemolysis in 0.02 M NaCl determined from cells of two fish studied at 3, 6, 9, 12, 15, and 18 C was 3.52 and 4.15 kcal/mole.
In this study, as in the study previously reported by Murdaugh, Robin, and Hearn (6), the time required for 75 % hemolysis was appreciably greater in 1 M urea than in 1 M methylurea.
In a representative experiment (Table 3 , jsh Z), 75 % h emolysis required 33 min more in 1 M urea than in 1 M methylurea.
Addition of urea in concentrations of 0.2 M or less to 1 M methylurea resulted in an appreciable retardation of hemolysis when compared to hemolysis times in equal osmolar solutions of methylurea (Table 3, fish 22, 24, 25) . For example, with 0.2 M urea, retardation of hemolysis by 10 min (9 C, jsh 22) and 5 min (14 C, Jish 24) was observed. Hemoljsis studies. As indicated by the osmotic fragility A strikingly greater retardation of hemolysis resulted from curves (Fig. 4) to prevent hemolysis. When cells were placed in water or solutions of urea, sodium chloride, glucose, or sucrose of osmolality equal to or less than 0.2 Osm/kg H20, the time required for 75 % hemolysis varied with the fish studied and the temperature of the suspension (in the range 3-20 C), but was always less than 2.5 min ( or sucrose (0.1 M) to 1.0 M methylurea ( Fig. 5 and Table 3 ). Note that 75 % hemolysis in sucrose (0.1 M) + methylurea (1 M) was not achieved within the 45 min duration of an experiment at 14 C (Fig. 5) . F g i ure 6 shows the relation of the time required for 75 % hemolysis to the solute concentration when the external medium contained sucrose and methylurea in various combinations.
DISCUSSION
The primary observation stimulating the present study was made by Murdaugh, Robin, and Hearn (6) who found that the time required for hemolysis of erythrocytes of SquaZus acanthias in 1 M methylurea was prolonged by the addition of urea in low concentrations (300 mM), a concentration of urea too low to appreciably deter hemolysis when urea was present as the sole solute in the external medium. These authors attributed this effect to the presence of carrier-mediated transport of urea and methylurea by the cell membranes of these cells, relying on analogy to the sugar transport system in human erythrocytes rather than direct evidence for this assertion. The present study initially at- tempted to obtain such direct evidence through measurement of kinetics of urea transport in the presence of widely varying concentrations of urea and methylurea in the bathing medium and intracellular fluid. Contrary to our expectation, the results of the present kinetic studies failed to demonstrate the presence of a saturable carrier transport system for urea but rather indicated that simple diffusion of urea through a membrane of low urea permeability could explain net urea flux over a wide range of urea concentrations (lo-1,000 mM). Likewise, the presence of methylurea at concentrations of 100, 300, 500, or 700 mM failed to affect appreciably the rate of urea penetration.
More important, it appeared in retrospect that Murdaugh, Robin, and Hearn had failed to explore the retardative phenomenon by substituting for urea other poorly permeant or nonpermeant substances in low concentrations. Once we had substituted sodium chloride, mannitol, or sucrose at low concentrations for urea and found even greater retardation, it became reasonable to discard the carrier-mediated transport hypothesis and return to a less novel basis for the retardative efiect, a basis involving simple passive transport but excluding compound specific carrier transport.
To explain the retardation of hemolysis produced by the addition of a poorly permeant or nonpermeant solute in low or hemolytic concentrations to a solution of a more permeant solute, it is useful to consider the temporal process of swelling toward a hemolytic volume to occur in two phases. The first phase (1) is shorter than the second (11) and primarily involves the net influx of water due to the presence of an initial osmotic gradient.
The second phase involves the coupled influx of the permeant solute and water. Two equations developed by Farmer and Macey (1) from those of Kedem and Katchalsky (5) d escribe the relationship between the determining parameters :
where V = cell volume; S = content of penetrant solute within the cell; t = time; 7r = solute concentrations (osmotic pressures) for impermeant solutes, m, and permeant solutes, . s; primes denote intracellular quantities; kl = RT Lp AC iso/Viso, where Lp is the osmotic filtration coefficient; ks = RT ~3 A/Visa, where o is the permeability coefficient of the penetrant solute; G is the reflection coefficient of the penetrant solute; Visa is the cell volume at isotonicity (cm"); C-1so is the isotonic concentration (Osm. cm+); and A is the area of the cell membrane (cm2). Hemolysis will occur when a critical volume, the hemolytic volume, is reached. If the initial osmotic gradient, defined by the term [7& + 0~'~ -(n, + arr,>l is sufficiently large, and if the osmotic filtration coefficient, Lp, is large relative to the permeability coefficient, o, of the permeant solute, then the volume increase in phase I will be rapid and large (compared to that in phase II), perhaps sufficiently large to result in hemolysis.
Of major importance to the present experimental problem is the recognition that it is not c (w, -I-rr,) but (?r, + c7rs) that determines the magnitude of the initial osmotic gradient for these cells, assuming that the initial internal composition of these cells (?T'~ + G&) is invariant. If G is substantially less than unity, the contribution in phase 1 of the permeant solute to (1~~ + c7rs) will be substantially diminished, and the concentration of the impermeant solute will be the major factor determining the initial driving force for water entry. Therefore, large effects on changes in cell volume in phase I may result from small changes in 7rrn.
In phase I., increases in cell volume will depend primarily on the external concentration of the permeating solute, rs, and on w. If 7rs or c3 is sufficiently small, the increase in cell volume will be slow in phase II and attainment of the hemolytic volume may be pro1ongcd.l Figure 7 illustrates several sets of curves relating cell volume, V, to time. These curves were obtained from a digital computer solution of the two Kedem-Katchalsky equations given above as adapted by Farmer and Macey (equations 7 and 8 in ref. 1) . V is the ratio of cell volume at time, t, to cell volume present at time t = 0 when the cells were initially placed in the test solutions containing solutes 7rm and rs. To generate this collection of curves, G', w, and Lp were kept constant and 7rm and 7rs were varied. The values for the parameters o and Lp chosen were based on representative values obtained from studies on mammalian erythrocytes (13) and are not meant to represent real or hypothetical values for the elasmobranch erythrocytes under study. For the purpose of evaluating this model system, a hemolytic volume of V = 2 has been arbitrarily set. As can be seen in Fig. 7 , the time required to attain this hemolytic volume will vary greatly with small changes in the concentration of 7r Iyl, primarily due to the temporal difference in approach to the hemolytic volume in phase I. The insert in Fig. 7 (upper right) presents derived data from these curves showing the time required to attain the hemolytic volume as a function of the concentration of the permeant solute (abscissa) and the concentration of the impermeant solute (shown in the figure). This insert follows the format of Fig. 6 . It is our hypothesis that the retardation of hemolysis in solutions of methylurea by sucrose, when sucrose is present in concentrations that by themselves will not prevent hemolysis, is based on the facts that I) sucrose is an impermeant solute, 2) sucrose therefore contributes to the initial osmotic concentration of the external medium such that the increase in cell volume in phase I is substantially reduced by small increases in sucrose concentration, and 3) c3 for methylurea is sufficiently low so that a low rate of coupled influx of water and methylurea in phase II contributes substantially to the total time required for hemolysis. The lower the sucrose concentration in the external medium, the closer the cell volume will approach the hemolytic volume in phase I and the shorter will be the total time required to reach hemolytic z 0. If so, then these other solutes, when present at the same osmolal concentration (i.e., at 0.1 or 0.2 M), will effect a retardation of hemolysis in the order sucrose > mannitol > NaCl > urea. Obviously, the magnitude of w and Q for these and other compounds will depend on the nature of the interaction of these compounds with the erythrocyte membrane but will not require the type of compound specific interaction postulated in the case of compound specific membrane carriers. The results of the present study that support this hypothesis are: 1) the methylurea permeability coefficient is greater than the urea permeability coefficient; 2) the temporal pat- tern of retardation observed when the solutes methylurea and sucrose are combined in different proportions resembles that obtained from computations based on the proposed model. (Compare Fig. 6 with insert in Fig. 7 . 
